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ANALYSIS OF THE THERMAL RESPONSE OF 

HIGH-DENSITY PHENOLIC-NYLON ON A SPACECFWFT LAUNCHED 

BY THE PACEMAKER VEHICLE SYSTEM 

By William G. Witte 
Langley Research Center 

SUMMARY 

The thermal response of high-density phenolic -nylon material was determined by 
a flight test of a recoverable spacecraft. Ablation performance data on the phenolic- 
nylon were obtained by the use of ablation sensors and thermocouples and by postflight 
profile-change measurements. 

The paper contains a comparison of the flight-test data with predictions based on 
The the Stanford Research Institute correlation and with oxidation-theory predictions. 

measurements obtained from the ablation sensors and thermocouples used on the space- 
craft a r e  discussed. 

INTRODUCTION 

High-density phenolic-nylon material was the standard high-density charring ablator 
used in correlating the plasma-arc heater facilities in the round-robin study monitored by 
Stanford Research Institute (SRI) (refs. 1 and 2). It has also been the subject material of 
numerous oxidation studies (refs. 3 to 8). Because of the interest in this material and 
the resulting large amount of ground-facility experience with it an investigation was con- 
ducted to acquire data at high-velocity flight. A recoverable spacecraft containing the 
experiments was launched by a Pacemaker vehicle from NASA Wallops Station. 
description of the experiment and a presentation of the data obtained from it a r e  con- 
tained in reference 9. 

A 

The present paper contains a comparison of the flight-test data with surface- 
recession predictions based on the SRI correlation. The results of the first or low- 
pressure test phase of that study (ref. 1) showed that mass-loss rates for this mate- 
rial, in these facilities, could be correlated in t e rms  of the stagnation-point heating 
rate and pressure. 
showed that this material experienced a rapid increase in ablation above a stagnation 
pressure of about 2.7 atmospheres. 

The second or high-pressure test phase of that study (ref. 2) 



Comparisons of the flight -test data with oxidation-theory predictions are also 
given. References 3 to 8 describe oxidation studies of charring ablators using phenolic- 
nylon. These are stagnation-point studies conducted under conditions of steady-state and 
quasi-steady-state ablation. Reference 3 considers the effect of pyrolysis gas injection 
on convective blockage and on the consumption of oxygen in the boundary layer by gas- 
phase reactions. References 6 to 8 are a series of studies in which various mechanisms, 
such as chemical reactions, radiative heating and convective blockage, are first isolated 
and evaluated individually and then considered in relationship to one another. The 
surface -recession predictions were obtained using Scala's fast and slow oxidation-rate 
constants (ref. 10). 

The measurements obtained from the "state of the art" ablation sensors and thermo- 
couples used on the spacecraft are discussed. 

SYMBOLS 

Values a re  given in both SI and U.S. Customary Units. The measurements and cal- 
culations were made in U.S. Customary Units. 

A f r equency factor, kg/m2 - s -at m 1/2 (lbm/ft2- sec -atml/2) 

AE activation energy, J/mole (cal/mole) 

G constant in diffusion-limited oxidation equation 

H heat-transfer coefficient, kg/mZ-s (lbm/ft2-sec) 

KO oxygen mass fraction 

molecular weight of carbon MC 

MO molecular weight of oxygen 

r i l  mass-loss rate, kg/m2-s (lbm/ft2-sec) 
I 

N order of reaction 

P pressure, atm 

cl heating rate, kW/m2 (Btu/ft2-sec) 
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R universal gas constant, J/mole -OK (cal/mole -OR) 

Reff effective nose radius, m (ft) 

r n  nose radius, cm (in.) 

S distance along surface measured from stagnation point, cm (in.) 

5 surface recession rate, m/s (ft/sec) 

T absolute temperature, OK (OR) 

t test time, sec  

AY distance ablated, m (ft) 

P density, kg/m3 (lbm/ft3) 

@ circumferential location, deg 

* convective blocking function 

Subscripts : 

C combustion 

CR char removed 

cw cold wall 

DL diffusion limited 

e local (edge of boundary layer) . 
RL rate limited 

t total 

t, 2 total condition behind a normal shock 
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VM 

W 

virgin material 

wall 

DESCRIPTION OF THE SPACECRAFT AND TEST ENVIRONMENT 

The spacecraft (see fig. 1) was a hemispherically blunted cone with a cylindrical 
afterbody. The thermal protection material on the hemisphere, cone, and forward portion 
of the cylinder was high-density phenolic-nylon. It was bonded to the primary structure 
with a layer of elastomeric silicone rubber adhesive approximately 0.0762 to  0.1524 cm 
(0.030 to 0.060 in.) thick. A detailed description of the spacecraft is given in reference 9. 
The location of instrumentation on the spacecraft is shown in table I. 

The spacecraft was launched by a Pacemaker vehicle. It reached a peak velocity of 
slightly over 3048 m/s (10 000 ft/sec) at an altitude of 19 812 m (65 000 f t )  and coasted 
to an apogee of 24 384 m (80 000 ft). Telemetered normal and transverse accelerometer 
data showed no apparent body motions during the data period. The total angle of attack 
during the data period was l e s s  than 3'. The roll  ra te  at third-stage burnout, obtained 
from a gyro, was 2s0/sec. 

The computed time histories of cold-wall heating rates, local pressures, and 
stagnation enthalpy, used in the predictions, are presented in figures 2, 3, and 4. 
computations were made for the actual flight trajectory by the methods described in 
reference 11. 

These 

TEST MATERIAL 

The composition of the high-density phenolic-nylon used on the spacecraft was  
50 percent by weight phenolic and 50 percent by weight ground nylon. 
cone section was molded in one piece. The cone-cylinder shoulder section and the cylin- 
drical section were machined from molded billets of the material. 

The hemisphere- 

INSTRUMENTATION P G 
i 
l a The spacecraft was instrumented with spring-wire ablation-rate sensors (ref. 12) 

and dual ablation-rate sensors. A dual sensor is a spring-wire sensor used in conjunc- 
tion with a platinum ground wire, with the spring-wire tube and the platinum ground wire 

sor is to signal when an ablating surface recedes to a particular depth. The spring-wire 
sensor signals an event when its tube collapses from weakening due to either oxidation 
or melting. The spring-wire tubes in the nose cap were type 304 stainless steel, with a 

i 

i' 
forming the elements of a make-wire sensor (ref. 12). The purpose of a spring-wire sen- I 

I 

I 
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melting point of roughly 17000 K (2600O F). 
7075 aluminum, with a melting point of roughly 921° K (12000 F). The purpose of a 
make-wire sensor is to signal when the electrical conductance at a particular depth in 
a charring ablator attains a level indicative of a char-pyrolysis zone interface. The 
make-wire sensors were set to trigger at an electrical resistance of 9800 51. 
is considerably lower than the virgin-material resistance. It was chosen with considera- 
tion being given to  the level of signal noise to  which the system was susceptible. 
the lowest value that could be used with an acceptable level of noise. Assuming a density 
profile through the char similar to that shown in reference 13, this resistance value of 
9800 51, it is believed, occurs at a location where the density is within a few percent of 
the virgin-material density. 

The spring-wire tubes in the cylinder were 

This value 

It was 

The spring-wire sensors were installed in  a r r ays  of four spring-wire sensors  at 
a location. The dual sensors  were installed in a r r ays  of four spring-wire sensors  and 
a platinum ground wire at a location. 

Table I presents the locations of the instrumentation. A given circumferential 
location and surface distance locates the midpoint of the sensor a r r a y  at that location. 
For the dual sensors this location corresponds to the location of the platinum ground 
wire. At the stagnation-point dual sensor, the ground wire is at the theoretical stag- 
nation point and the spring-wire sensors a r e  arranged around it at the corners of a 
0.635- by 1.905-cm (0.25- by 0.75-in.) rectangle. In the other dual sensors the spring- 
wire sensors are arranged 0.635 cm (0.25 in.) from each other in a straight line with 
the ground wire, with the line perpendicular to a spacecraft longitudinal ray. For the 
spring-wire sensors  the locations given in table I are the midpoints of the arrays.  The 
spring-wire sensors  in an a r ray  are arranged 0.635 cm (0.25 in.) from each other in a 
straight line with the midpoint, with the line perpendicular to a spacecraft longitudinal 
ray. The sensing 
depths are measured from the outside surface of the spacecraft. 

Table 11 presents the sensing depths of the elements in the sensors. 

The sensors were seated in holes that had been drilled into the heat shield from the 
inside of the spacecraft. The holes were nominally 0.051 cm (0.020 in.) in diameter. 
Most of the holes were "blind" holes, that is, a predetermined thickness of undisturbed 
heat-shield material remained between the bottom of the hole and the outer surface of the 
heat shield. Other holes, noted in table II(a), were drilled completely through the heat 
shield. Previous experience in arc-jet tunnel testing indicated that the type of hole made 
no difference in the results obtained. 

Thermocouples were installed at several  locations on the spacecraft (see tables I 
and III). The thermocouples used in this test were a continuous-reading ribbon type. 
They 'were chosen because of their unique ability, when used as surface thermocouples, 
to furnish continuous readings of an ablating surface. The design of these thermocouples 
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is such that the broad ribbons forming the leads must be oriented parallel to the direction 
of heat flow. 

TEST RESULTS 

Spacecraft Appearance 

Figure 5 is a photograph of the recovered spacecraft. The phenolic-nylon ablated 
almost symmetrically about the spacecraft center line, with slightly greater recession at 
the 450 station than at the stagnation point. The ground wires  and sensor tubes on the 
hemisphere were exposed and protruded up to 0.7 cm (0.27 in.). (See fig. 6.) 

There were large cracks in the phenolic-nylon material (see fig. 6) especially on 
the cone and cylinder. The bond between the hemisphere and primary structure remained 
intact, but some separation of the phenolic-nylon from the primary structure occurred on 
the cone and cylinder. Figure 7 is a photograph of a section taken from the spacecraft in 
an area where the heat shield had pulled away from and lifted off the primary structure. 
It is believed that the cracking and separation occurred when the material cooled during 
the parachute descent of the spacecraft at the conclusion of the flight. 

At the separation plane no unusual or  excessive ablation occurred although that 
joint was not bonded. 

Overall, the recovered spacecraft was  black or dark gray. On the hemisphere and 
Streamlines were formed on cone, this outer blackened material was crazed (see fig. 6). 

the cone by alternate s t r ipes  of black and variations of gray. 

Four distinct zones of surface texture appeared on the spacecraft: 

The stagnation point to ~ approximately - - .  the 25' - station.- The first zone 
was relatively smooth and evenly ablated although not as smooth to touch as 
the cone. The outer blackened material was composed of fine-grained par-  
ticles in a cubic or scalar, rather than a columnar, structure. This struc- 
ture  felt relatively hard as determined by manual prodding with a sharp 
pointed instrument. 

The 25' station to the hemisphere-cone junction.- The second zone 
was relatively rough and indented. The outer blackened material was com- 
posed of fine-grained particles in a columnar structure and was noticeably 
l e s s  hard than that in the f i rs t  zone. 

The cone.- The third zone was the smoothest appearing. The outer 
blackened material was composed of fine-grained particles in a columnar 
structure. On the forward portion of the cone, the columnar structure was 
deeper than that on the hemisphere, but the depth tapered off aftward and 
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became less deep at the aft end of the cone than on the hemisphere. The 
outer blackened material seemed to be slightly softer than that of the second 
zone. 

The cylinder.- The fourth zone was relatively smooth with fine stream- 
lines formed by bits of melted material (see fig. 8). The underlying material 
in this zone seemed to be as hard as virgin material. It was covered with an 
extremely thin layer, roughly 0.0025 cm (0.001 in.) thick, of soft fine-grained 
blackened material  in addition to the brittle amorphous melted material. 
This zone did not have the crazed appearance of the other zone. No cubic 
or columnar structure composed of grainy particles had formed here. 

The char structure has been studied in ground tests. Reference 4 presents a 
description of the internal structure of a phenolic-nylon specimen tested in an a r c  jet. 
Four layers  are indicated: 

(1) A porous black outer layer 
(2) A layer having a porous structure in which the nylon has apparently decomposed 

(3) A nonporous layer in which the nylon has apparently melted 
(4) A layer of virgin material 

Reference 4 states that separation frequently occurs between layers (1) and (2), 

into gaseous products 

suggesting that the phenolic res in  is decomposing at this interface and that the material 
has little structural strength at this plane. 
spacecraft. But structural  weakness, apparently at this plane, was evident on the pre-  
viously mentioned second and third zones of the spacecraft. 
weakness at this plane occurred to a much lesser degree. 

No separation of this kind was evident on the 

On the first zone structural  

Reference 4 notes that in the arc-jet tests, the crazing (graininess, in their termi-  
nology) of the charred material becomes more pronounced as the oxygen content of the 
test stream decreases  and the length of the test increases. 
ples of specimens pictured in reference 4, tested for exposure t imes of greater than 
120 seconds in test s t reams of various oxygen content, the surface condition of the hemi- 
sphere and cone of the recovered spacecraft most closely resembles that of a specimen 
tested in 5.8-percent oxygen. 

Compared with several  exam- 

Surface -Recession Results 

Surface events measured by spring-wire sensors  during the flight are presented in 
table II(a). Twenty-seven of the 40 sensors on the hemisphere were triggered. Thirteen 
sensors were not triggered. Eight of these were still below the surface after recovery 
of the spacecraft. 
above the surface at recovery. None of the sensors  on the cylinder were triggered. 

However, five of the untriggered spring-wire sensor tubes protruded 
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Postflight measurements of the surface recession are shown in figure 9 at 5O inter- 
vals for 12 circumferential locations on the hemisphere. In addition to these longitudinal 
measurements, measurements were made around the 30°, 40°, 50°, 60°, and 70° stations 
on the hemisphere. 
visual observations that the hemisphere topography of the recovered spacecraft consisted 
of a relatively smooth evenly ablated area around the stagnation point extending to roughly 
the 250 station, and aft of that, an area of troughs and ridges. 
extend longitudinally and are most pronounced at roughly the 50° station on the hemisphere. 

These resul ts  are shown in figure ,lo. These data supported the 

These troughs and ridges 

The cracking and lifting of the heat shield on the cone and cylinder interfered with 
taking postflight measurements of surface recession at these locations. Some measure - 
ments that were obtained indicate surface recession of roughly 0.0254 cm (0.010 in.) on 
the cone and 0.0025 cm (0.001 in.) on the cylinder. 

Char and Pyrolysis-Zone Results 

The event t imes measured by the make-wire function of the dual ablation sensors 
a r e  presented in table II(b). None of the sensors on the cylinder were triggered. 

A visual inspection was made of a section cut from the spacecraft. Measurements 
were taken along the section from the outer surface to the innermost layer of discolored 
material, to include the thickness of an outer black porous layer, or char, where one had 
formed, and the pyrolysis zone. 
of the ablator, and average total surface recession for the spacecraft stations. 

Table IV presents these measurements, the initial depth 

Thermocouple Measurements 

The actual measurements obtained with the surface and in-depth thermocouples 
located on the cone and cylinder a r e  presented in reference 9. 
measurements are presented in figure 11. 

The faired values of these 

The thermocouple plug at the 45O station ablated much more than the surrounding 
material and, therefore, temperature measurements from this location a r e  not presented. 

ANALYSIS 

Ablation and temperature predictions were made with the aid of the computer pro- 
gram described in reference 14. This program treats ablation as a one-dimensional 
transient heat-conduction problem with internal decomposition. 
can be specified by several  methods. For this analysis surface-recession rates  were 
specified by an empiric'al method and by an analytical method. The material properties 
used in'making the predictions are listed in table V. 

The surface recession 

a 

i 
I 

'I 
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Empirical 

In the empirical method surface-recession rates as functions of time were calcu- 
lated from the SFU correlation (ref. 2) for the stagnation point and the region near the 
stagnation point (22.5O station). These s&face-recession rates were put into the com- 
puter program to obtain surface location as a function of time, and surface- and in-depth- 
temperature histories. 

The first step in obtaining surface-recession rate B was to compute total mass- 
loss  rate fit as a function of time. This was accomplished with the following formulas 
from reference 2: 

for pt,2 P 2.7 atm 

fit = 0.00048 (Reff)-O* 32 (q cw )O' 55 (pt, 2)o.88 

for pt c 2.7 atm 
Y 

rht = 0.001(Reff)-o*32(q cw )0*55(pt,2)0*13 

In the high pressure regime, as shown in reference 2, the char layer is removed as 
fast as it is formed and &t is essentially equal to the surface-recession rate  times the 
density of the virgin material 

rht = Qp,, 

and 

. At s = -  
'VM 

In the low pressure regime the char-recession rate, from reference 1, is 

This can be rearranged to obtain 

(3) 

(4) 

A curve of 61cR rht versus pt,2 was obtained from the data in reference 1. I 
This curve and equations (2) and (6) were then used to compute 
regime. 

for the low pressure 
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The SFU correlation applied to the stagnation point. Therefore, no empirical pre-  
dictions were made for the 4 5 O  and 67.5O stations. 

Analytical 

The analytical method that was used to specify surface recession was oxidation 
theory. This method was used to obtain ablation predictions for  all of the spacecraft 
stations. The equations governing the char -layer oxidation are: 

In the rate-controlled regime 

where the rate constants used were Scala's fast rate (ref. 10) 

Frequency factor, A . . . . .  3.29 Tg/m2-s-atm1l2 (6.729 X lo8 lbm/ft2-sec-atm1/2) 
Activation energy, AE . . . . . . . . . . . . . . . . . .  184 kJ/mole (44 000 cal/mole) 
Order of equation, Nc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.5 

and Scala's slow rate (ref. 10): 

Frequency factor, A . . . . .  219 Mg/m2-s-atm1l2 (4.473 X lo4 lbm/ft2-sec-atml/2) 
Activation energy, AE . . . . . . . . . . . . . . . . . .  177 kJ/mole (42 300 cal/mole) 
Order of equation, Nc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.5 

In the diffusion-controlled regime 

where 

MC 
MO 

G = - = 0.75 

The total char-mass loss  was obtained from: 

1 P C  

The surface-recession rate  was obtained from the total char-mass loss  rate by 
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This method assumes that the primary reaction product is carbon monoxide and that 
the pyrolysis products are chemically inert. The only allowed reaction occurring at the 
char surface is between the char and the oxygen diffusing through the boundary layer. 

RESULTS AND DISCUSSION 

Sensors 

In order for  the spring-wire sensors to locate accurately the surface, they require 
either the attainment of the melting temperature of the spring-wire support tube or an 
oxidizing atmosphere at a sufficiently high temperature to burn the tube. As mentioned 
in Surface Recession Results, five of the untriggered spring-wire sensors protruded above 
the surface at recovery. This may be attributed to the relatively mild conditions during 
the latter portion of the flight where surface recession occurred at surface temperatures 
below the melting point of the sensor support tubes. But even at l e s s  mild conditions a 
question can be raised about the performance of these sensors because of the change in 
environment due to pyrolysis gases. For example, following the initial high-heat pulse 
on the virgin material, a large efflux of pyrolysis gases may alter the environment by 
convective blockage or  by making it oxygen poor, thus causing a delay in melting or 
burning of the spring-wire support tubes. 

It is believed that the make-wire sensors a r e  good indices of the virgin-material 

Under severe conditions where there is 
pyrolysis-zone interface. But the depth at which this interface or resistance value occurs 
var ies  in time and location on the spacecraft. 
negligible char build-up the make-wire sensors for all practical purposes measure sur -  
face recession because the virgin-material pyrolysis-zone interface is so close to the 
surface (ref. 12). 

The design of the thermocouples is such that serious e r r o r s  in the measured tem- 
peratures due to conduction of heat along the leads (refs. 15, 16, and 17) can occur. Nev- 
ertheless these thermocouples were used because it appeared feasible to conduct a ser ies  
of ground-facility experiments to obtain a temperature correction. 
couples similar to the ones used on the spacecraft were conducted and the temperatures 
obtained with these thermocouples were compared with temperatures obtained with the 
photographic pyrometer described in reference 18. Under the quasi-steady-state condi- 
tions of these tes t s  the temperatures obtained with the thermocouples lagged the temper - 
atures  obtained with the pyrometer. However, these test results are not considered ade- 
quate enough to provide a temperature correction. 

Tests of thermo- 
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Predictions 

Figure 12 presents the SFU predictions of surface recession compared with data 
f rom the spring-wire and make-wire sensors at the stagnation point and at the 22.5O sta- 
tion. The data and predictions for the two locations are similar, except that the spring- 
wire data seem to indicate the presence of a thick char layer at the stagnation point 
from 76 to 83 seconds which is greater than the depth of the char and pyrolysis zone 
measured on the recovered spacecraft. It is believed that the depth of the char layer 
during the severe heating period (76 to 83 sec) would have been less than that formed 
during the milder heating period near the conclusion of the flight, which was measured 
on the recovered spacecraft, because the stagnation-point pressure during the severe 
heating period was greater than 2.7 atmospheres at which the char is essentially scrubbed 
away (ref. 2). Therefore the triggering of the two spring-wire sensors  is believed to have 
been delayed. Assuming that the char layer at this time was thin and that the make-wire 
sensors were essentially measuring surface recession, then the predictions a r e  in good 
agreement with the first three make-wire data points for the stagnation point and with 
the first two make-wire data points and the first four spring-wire data points for the 
22.50 station. Reference 19 states that when transient predictions are made from steady- 
state results, in general the calculations overpredict the degradation during decreasing 
heating. 
recession and the last make-wire data point for both the stagnation point and for the 
22.5O station. It appears that the last make-wire data point is valid in both cases, com- 
pared with the final surface locations. 

However, figure 12 shows the calculations have underpredicted both the total 

Figure 13 presents surface-recession predictions based on oxidation theory com- 
pared with sensor data for the four stations on the hemisphere. Two sets of predictions 
were made. One set used the char thermal conductivity of reference 20. The other set 
used one-third that value, as was done in reference 5, where in steady-state ablation tests 
no reasonable simultaneous agreement between measured and calculated char -surface 
temperature, pyrolysis-interface locations, and back-surface temperature r i s e  could be 
obtained until the value of char conductivity from reference 20 was reduced to one-third. 
The different values of char conductivity produced small  differences in the surface- 
recession predictions. Slightly greater surface recession was predicted with the lower 
value of char conductivity than with the higher value. In general, the differences are 
within the range of accuracy of the sensors. 

I 

In all cases (see fig. 13) the slow reaction rate underpredicted the total recession 
and the fast reaction rate  overpredicted the total recession. I 

dictions were in closer agreement with the make-wire data than were the slow reaction 
rate predictions. I 

The fast reaction-rate pre-  
, 
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At the stagnation point, where the spring-wire sensors might be expected to be most 
accurate, because of the clean flow at that location, it appears the spring-wire sensors 
have been delayed in triggering. At the other stations on the hemisphere, &though the 
spring-wire data are late in  comparison to predictions, such as the last point for the 
22.5O station, the last point for the 45O station, and most of the points for the 67.5O sta- 
tion, they are within a range of possibility. 

The sensors  at the 22.5O and 450 stations, in the severe heating period of roughly 
70 to 85 seconds, indicated no appreciable char thickness and the predictions are in good 
agreement with the data. The last spring-wire data points for the 22.5O station and for 
the 45O station are in agreement with the slow reaction rate predictions. Considering 
the total recession at these stations these points could be valid. 

For the 67.5O station the fast reaction-rate prediction is in good agreement with 
the make-wire data but overpredicts surface recession compared with most of the spring- 
wire data. Due to the thick char and pyrolysis zone that formed at this station, and to the 
difference between the maximum and minimum total recession at this station, all of the 
spring-wire data here a r e  within the range of possibility. 

Figure 11 presents a comparison of measured temperature-time histories and com- 
puted values for the cone and cylinder. In all cases the measured temperatures are con- 
siderably less than the computed values. It is believed that while downstream cooling by 
the pyrolysis gases contributes partially to these differences, the conduction of heat along 
the thermocouple leads is the major contributor. 

CONCLUDING REMARKS 

Ablation sensors and thermocouples were used to measure the thermal response 
of phenolic-nylon material at high-velocity flight and the flight data were compared with 
predictions of surface recession based on the Stanford Research Institute (SRI) correla- 
tion and with oxidation-theory predictions. 

Under some ablation conditions the spring-wire sensors failed to measure surface 
location. 
'the peak pressure and heating period which would, in fact, have been scrubbed away at 
the pressure levels reached in this region at this time. 
sensors experienced a delay in triggering. 
hemisphere became exposed during the mild ablation conditions toward the end of the 
flight but were not triggered. 

They indicated the presence of a thick char layer at the stagnation point during 

Therefore the stagnation-point 
Also, some of the sensors on the spacecraft 

The spring-wire sensor data were in good agreement with the oxidation-theory 
surface-recession predictions for the 22.5' and 45' stations but were late for  the stag- 
nation point and the 67.5O station. 
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The make-wire sensors  probably measure accurately the attainment of the elec- 
t r ical  conductance which they are set to measure but the in-depth location of such a level 
of conductance is not precisely determined. Predictions of surface recession based 
on the SRI correlation coincided with make-wire data of the stagnation point and the 
25' station during the peak pressure and heating period when sensors  were essentially 
measuring surface recession because of the thin char layer at this time. However, during 
the latter portion of the flight the data indicate greater surface recession than the SRI 
prediction. - 

At all stations the total recession is within the l imits of oxidation-theory predic- 
tions made by using both slow and fast reaction rates. 

The ribbon-type thermocouples used on the spacecraft have temperature measure - 
ments with serious e r r o r s  which a r e  apparently due to conduction of heat along the 
ribbons. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., April 7, 1971. 
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~ r f a c e  d i s tance ,  

cm (in.) 

D u a l  Spr ing-  
A b l a t i o n  w i r e  

sensor sensor 

3.81 (1.5) Yes 

11.43 (4.5) 
~~~ 

Yes 

11.43 (4.5) 

3.81 (1.5) 
- 

Yes 

Yes 

7.62 (3.0) 

45.0 (17.72) 

Yes 

TABLE I.- LOCATION OF INSTRUMENTATION 

r Cy'inder I ylinder 2 

li_ 
Cone 2 7  

I 
Separation plane 

C i r c u m f e r e n t i a l  
l o c a t  ion,  

0 
(a) 

Spacecraf t  
s t a t i o n  

3 -e 1 eme n t 
thermocoup 1 e 

Plugs 

0" # t a g n a t i o n  p o i n t  0 I Yes I 
22.5" 

45" 

67.5" 

.. 
Yes 

60" 67.5" 

Cy1 i nder 1 70" 

120" 

- 
45" 7.62 (3.0) I I Yes 

67.5" 

180 

. -  
210° 

240" 

22.5" 

67.5" 11.43 (4.5) 

18.24 (7.18) 

28.43 (11.20) 

7.62 -(3.0) I I Yes 

Cone 1 

Cone 2 

45 

Yes 

Yes 

250" Cy1 i nder 2 50.1 (19.72) I Yes I 
300" 45" 

315" C y l i n d e r  1 Yes 

a C i r c u m f e r e n t i a l  l o c a t i o n s  a r e  measured c lockwise.  l o o k i n g  a t  t h e  spacec ra f t  from the  f r o n t .  
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TABLE IL - ABLATION DATA 

(a) 
- 

Spacecraft Circumferential location, 

@ station 

Stagnation point 00 

22.5' 1800 

22.5O 00 

4 50 1200 

4 50 240' 

4 50 300° 

67.5O 00 

.- 

67.5' 1200 

67.5' 60' 

67.5' 1800 

LI 
gered; (thru) indicates that the spring-wire 

a P indicates that during the flight tes t  the 

Spring-wire ablation rate sensor  data  

Time triggered, 

Sensing cm (in? de  th, i' 
Event-recorder data  

(4 Earl ies t  Latest 
Telemetered 

0.089 (0.035) 76.27 76.29 76.28 
.152 ( .060) 82.97 82.98 83.06 
.406 ( .160) P N.T. N. T. N.T. 
.787 ( .310) P N.T. N. T. N. T. 

0.064 (0.025) (thru) 74.01 74.02 74.00 
.330 ( .130) 106.81 106.84 106.81 
.787 ( .310) P N. T. N.T. N.T. 
.978 ( .385) N. T. N. T. N. T. 

0.066 (0.026) (thru) 73.57 73.58 73.61 
.I14 ( .045) 76.94 77.03 Not TM 
.216 ( .085) 84.04 84.07 84.17 
.658 ( .259) P N.T. N.T. I N.T. 

1 
0.117 (0.046) 74.63 74.64 Not TM 
.368 ( .145) 82.82 82.83 Not TM 
1.549 ( .610) N. T. N. T. Not TM 
1.930 ( .760) N.T. N.T. N. T. 

0.076 (0.030) 74.75 74.76 74.79 

.470 ( .185) (thru) 87.82 87.84 88.01 

.218 ( .086) 76.09 76.11 76.15 

1.143 ( .450) N. T. N. T. N. T. 

0.089 (0.035) (thru) 73.37 73.43 73.89 

.279 ( .110) 79.40 79.45 79.49 

.737 ( .290) 123.96 124.05 123.82 

0.061 (0.024) 80.96 80.98 80.95 
.112 ( .044) 81.42 81.45 81.54 
.213 ( .084) Not Rec Not Rec 82.04 
.660 ( .260) P N.T. N. T. 

- 

.142 ( .056) 74.71 74.72 74.77 

Not TM 

0.076 (0.030) 83.39 83.41 53.52 
.IO2 ( .040) 85.12 85.16 85.22 
.279 ( .110) 102.26 102.33 Not TM 
.go1 ( .355) Not Rec Not Rec N. T. 

0.102 (0.040) 83.03 83.10 83.18 

1.169 ( .460) N.T. N. T. Not TM 
1.298 ( .511) Not Rec Not Rec N. T. 

0.064 (0.025) (thru) 81.37 81.39 81.50 

.406 ( .160) 100.94 100.98 101.02 

.127 ( .050) 90.13 90.20 90.18 

.533 ( .209) 128.18 128.22 Not TM 

.I87 ( .310) Not Rec Not Rec 1 N.T. I 
sensor  tube became exposed above the heat-shield surface but was not t r ig-  

sensor  was located at i t s  effective sensing depth in  a hole drilled completely 
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Spacecraft 
station 

I Stagnation point 

I 

TABLE E. - ABLATION DATA - Concluded 

(b) Make-wire ablation rate sensor data 

Circumferential 
location, 
9 
00 

-. 

180' 

300' 

00 

700 

250' 

Sensing depth, 
cm (in.) 

0.038 (0.015) 
.IO2 ( .040) 
.356 ( ,140) 
.737 ( .290) 

0.013 (0.005) 
.279 ( .110) 
.737 ( .290) 
.927 ( .365) 

0.025 (0.010) 
.091 ( .036) 
.229 ( .090) 
.686 ( .270) 

0.010 (0.004) 
.061 ( .024) 
.I63 ( .064) 
.610 ( .240) 

0.000 (0.000) 
.064 ( .025) 
.127 ( .050) 
.229 ( .090) 

~ ~~~~ 

0.000 (0.000) 
.064 ( .025) 
.127 ( .050) 
.229 ( .090) 

Time trigger1 
sec 

71.80 
73.41 
88.24 
136.45 

(a) 

71.75 
84.59 
132.87 
N.T. 

72.09 
73.37 
76.37 
92.79 

72.85 
75.52 
81.33 
118.62 

N.T. 
N.T. 
N.T. 
N.T. 

N. T. 
N.T. 
N.T. 
N.T. 

aN.T. denotes that the make-wire sensor was unaffected by flight (Le., not triggered). 



I I  I I 

Initial ablator 
thickness, 
mm (in.) 

TABLE III. - THERMOCOUPLE DEPTHS 

Average total 
surface recession, 

mm (in.) 

[3 -element thermocouples) 

Initial sensing depth of - Spacecraft 
Element 2 

Cone 1 
Cone 2 
Cylinder 1 

Surface 
Surf ace 
Surface 
Surf ace 

0.244 cm (0.096 in.) 
.244 cm ( .096 in.) 
.229 cm . (  .090 in.) 
.251 cm ( .099 in.) 

TABLE IV. - SUMMARY OF POSTFLIGHT MEASUREMENTS 

I - 1  
. . . .  

I 

Station 

I 22.5O 
I 45O 

Element 3 

0.493 cm (0.194 in.) 
.500 cm ( .197 in.) 
.500 cm ( .197 in.) 
.510 cm ( .201 in.) 

.. . 

I .. 

Stagnation point 24.4 (0.96) 

I 67.5' 

1 24.4 (0.96) 

24.4 (0.96) 

24.4 (0.96) 

Cone 1 20.3 (0.8 ) 

Cone 2 

- ___- 

I 1 

15.2 (0.6 ) 

. . .  

8.64 

8.64 

10.67 

8.89 

0.25 

0.25 

~~ 

- 

- 

(0.34) 

(0.34) 

(0.42) 

(0.35) 

(0.01) estimated 

(0.01) estimated 

~~ 

~ ~ . . . .. -. 

~ ~ 

~- 

.. . 

.--------------- 

Char and 
pyrolysis -zone 

thickness 
mm (in.) 

0.51 (0.02) 

.76 (0.03) 

- 

- .  

.76 (0.03) 

1.02 (0.04) 

1.27 (0.05) 

1.27 (0.05) 

.76 (0.03) 
.. ~ 
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TABLE V.- MATERIAL PROPERTIES 

(a) Virgin mater ia l  

Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1201 kg/m3 (75 lbm/ft3) 

. kJ/kg-OK 
Specific heat (ref . 20): 

. . . . . . . . . . . . . . . . . . . . . .  At 256O K (460' R) 1.28 . . . . . . . . . . . . . . . . . . . . . .  At 311° K (560' R) 1.54 
At 367O K (660° R) 1.79 
At 422O K (760' R) . . . . . . . . . . . . . . . . . . . . . .  2.04 

At 533O K (960° R) . . . . . . . . . . . . . . . . . . . . . .  2.53 

. . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . .  At 478' K (860' R) 2.28 

At 589' K (1060' R) 2.79 
At 700° K (1260' R) 3.27 

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

(BtuAbm-OR) 

(0.3 1 
(0.362) 
(0.421) 
(0.48 ) 
(0.536) 
(0.595) 
(0.6 57) 
(0.769) 

W/m-OK (Btu/ft-sec-OR) 
Thermal conductivity (ref . 20): 

At 256O K (460° R) . . . . . . . . . . . . . . . . . . . . . .  0.337 (5.19 X 

At 311° K (560' R) . . . . . . . . . . . . . . . . . . . . . .  0.356 (5.48 X 10-5) 
At 367O K (660° R) . . . . . . . . . . . . . . . . . . . . . .  0.367 (5.64 X 

At 422O K (760° R) . . . . . . . . . . . . . . . . . . . . . .  0.369 (5.68 X 

At 4780 K (860° R) . . . . . . . . . . . . . . . . . . . . . .  0.364 (5.60 X 

At 533O K (960° R) . . . . . . . . . . . . . . . . . . . . . .  0.348 (5.36 X 10-5) 
At 589' K (1060' R) . . . . . . . . . . . . . . . . . . . . .  0.325 (5.00 X 

At 2779O K (5000O R) . . . . . . . . . . . . . . . . . . . . .  0.325 (5.00 X 

Pyrolysis reaction constants (ref . 21): 
Frequency factor . . . . . . . . . . . . . . .  17.2 Gg/ms-sec (1.07 X 106 Ib/fts-sec) 
Activation energy . . . . . . . . . . . . . . . . . .  98 kJ/mole (2.34 X lo4 cal/mole) 
Order of equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

Heat of pyrolysis . . . . . . . . . . . . . . . . . . . . . . . .  11.6 MJ/kg (500 Btu/lbm) 
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TABLE V.- MATERIAL PROPERTIES . Concluded 

(b) Charred material  

kg/m3 (lbm/ft3) 
Density (ref . 1): 

Stagnation point . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  480 (30) 
22.5' station . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  480 (30) 
45Ostation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  400 (25) 
67.5' station . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  400 (25) 
Cone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  384 (24) 
C y l ~ d e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  368 (23) 

Of char 
kJ/kg-% (BtuAbm-OR) 

Specific heat (ref . 20): 
At 4000 K (720° R) . . . . . . . . . . . . . . . . . . . . . . . .  0.47 (0.11) 
At 600° K (1080° R) . . . . . . . . . . . . . . . . . . . . . . .  1.02 (0.24) 
At 700° K (1260O R) . . . . . . . . . . . . . . . . . . . . . . .  1.28 (0.30) 
At 800° K (1440O R) . . . . . . . . . . . . . . . . . . . . . . .  1.49 (0.35) 
At 900' K (1620O R) . . . . . . . . . . . . . . . . . . . . . . .  1.74 (0.41) 
At 1000° K (1800O R) . . . . . . . . . . . . . . . . . . . . . .  2.00 (0.47) 

At 1400° K (2520O R) . . . . . . . . . . . . . . . . . . . . . .  2.76 (0.65) 
At 1500° K (2700O R) . . . . . . . . . . . . . . . . . . . . . .  2.85 (0.67) 
At 1600' K (2880O R) . . . . . . . . . . . . . . . . . . . . . .  2.85 (0.67) 
At 1800° K (3240O R) . . . . . . . . . . . . . . . . . . . . . .  2.85 (0.67) 
At 2000° K (3600O R) . . . . . . . . . . . . . . . . . . . . . .  2.85 (0.67) 
At 2200° K (3960O R) . . . . . . . . . . . . . . . . . . . . . .  2.85 (0.67) 
At 2400° K (4320O R) . . . . . . . . . . . . . . . . . . . . . .  2.85 (0.67) 
At 2600° K (4680O R) . . . . . . . . . . . . . . . . . . . . . .  2.85 (0.67) 
At 2800° K (5040O R) . . . . . . . . . . . . . . . . . . . . . .  2.85 (0.67) 
At 3000° K (5400' R) . . . . . . . . . . . . . . . . . . . . . .  2.85 (0.67) 

At 1200° K (2160O R) . . . . . . . . . . . . . . . . . . . . . .  2.51 (0.59) 

Of pyrolysis gas  
kJ/kg-'K (Btu/lbm-'R) 

1.70 (0.4 ) 
2.76 (0.65) 
3.91 (0.92) 
6.16 (1.45) 

10.41 (2.45) 
12.11 (2.85) 
8.29 (1.95) 

4.04 (0.95) 
3.70 (0.87) 
3.44 (0.81) 
3.53 (0.83) 
3.82 (0.90) 
4.46 (1.05) 
5.40 (1.27) 
6.59 (1.55) 
8.29 (1.95) 

5.10 (1.20) 

W/m -OK 
Thermal conductivity (ref . 20): 

At533OK (96O0R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.100 
At 811OK (1460' R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.103 
At 1089'K (196OOR) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.114 
At 1367O K (2460O R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.131 
At 1645O K (2960O R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.157 
At 1922' K (3460' R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.193 
At 2200° K (3960O R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.244 
At 2479O K (4460O R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.311 
At 2755O K (4960OR) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.423 
At 3033O K (5460' R) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.542 

(Btu/ft-sec-'R) 

(1.55 x 10-4) 
(1.58 x 10-4) 
(1.75 x 10-4) 
(2.02 x 10-4) 
(2.42 x 10-4) X '  

(2.97 x 10-4) 
(3.75 x 10-4) 
(4.78 x 10-4) F 

(6.50 x 10-4) 
(8.34 x 10-4) 

Emissivity (ref 22) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.95 

Heat of combustion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  116 MJ/kg (5000 Btu/lbm) 

. 
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Phenolic-nylon cone- cylloder shoulder 

Phenolic -nylon cylindrical section 
Phenolic-nylon hemisphere -cone 

0.062-in. (1.575-mm ) inconel 

Seporotion p l a n e 7  

0.075-in. (1.905-mm) 7075oluminum olby i r  

3.83-in. ( 97.28-mm) rn 

j6.25” 

2.25 in.(57.15 mm) 

4.25 in. (107.95 mm) 

- 7 11.0 in. (279.4 mm) 
6.25 in. t 12.25in. (311.15 m m  ) ’ (158.75”) 

Figure 1.- Sketch of the spacecraft. 
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(a) Stagnation point and 22.5O station. 

Figure 2. - Computed cold-wall heating rates. 
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Figure 2. - Continued. 
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(c) Cone and cylinder. 

Figure 2. - Concluded. 
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(a) Stations on the hemisphere. 

Figure 3.- Computed time histories of local pressures. 
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Figure 3. - Concluded. 
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Figure 4. - Computed time history of stagnation enthalpy. 
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Figure 5.- Photograph of the recovered spacecraft. 
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Figure 6.-  Close-up of the hemisphere. 
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Figure 7. - Section of phenolic-nylon taken from the recovered spacecraft, showing the 60' circumferential location. 
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Figure 8.- Close-up of the cone-cylinder juncture and cylinder. 
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Figure 11. - Concluded. 
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